Aging is a major independent risk factor for cardiovascular-related morbidity and mortality. Cardiovascular disease remains the greatest threat to health worldwide, especially in developed countries, and requires long-term medical attention in the elderly[@b1].

Growing evidence indicates that tissue prematurely age under certain conditions and that disturbances of Ca^2+^ dynamics due to sarcoplasmic reticulum (SR) leak results in several age-related disorders including heart failure, left ventricular hypertrophy, and muscle weakness[@b2][@b3]. Cardiac aging is associated with blunted response to aberrant Ca^2+^ handling[@b1][@b4], which is an important contributor to the electrical and contractile dysfunction reported in heart failure[@b5][@b6]. However, the specific molecular mechanisms underlying abnormal Ca^2+^ handling in cardiac aging remain poorly understood. Recent studies indicate that alterations in SR Ca^2+^ release units occur in aging ventricular myocytes and raise the possibility that impairment in Ca^2+^ release may reflect age-related alterations[@b3][@b7]. Calstabin2, also known as FK506 binding protein 12.6 (FKBP12.6)[@b8], is a small subunit of the cardiac ryanodine receptor (RyR2) macromolecular complex, a major determinant of intracellular Ca^2+^ release in cardiomyocytes, required for excitation-contraction (E-C) coupling[@b3]. Calstabin2 selectively binds to RyR2 and stabilizes its closed state preventing a leak through the channel[@b9]. Removal of Calstabin2 from RyR2 causes an increased Ca^2+^ spark frequency, altered Ca^2+^ spark kinetics[@b10], and can lead to cardiac hypertrophy, which is a prominent pathological feature of age-related heart dysfunction[@b9][@b11]. On the other hand, enhanced Calstabin2 binding to RyR2 has been shown to improve myocardial function and prevent cardiac arrhythmias[@b8][@b12]. Furthermore, previous reports indicated that Calstabin1, which shares 85% sequence identity with Calstabin2[@b13], binds to rapamycin and inhibits the activity of the mammalian target of rapamycin (mTOR), a widely recognized master regulator of aging[@b14], suggesting that Calstabin2 could play a mechanistic role in the process of cardiac aging, not examined hitherto.

We identified Calstabin2 as a regulator of cardiac aging and pointed out the activation of the mTOR pathway followed by compromised autophagy as essential mechanisms involved in such a process.

Results
=======

Genetic deletion of Calstabin2 causes aging related alteration of hearts
------------------------------------------------------------------------

To assess whether Calstabin2 is involved in cardiac aging and age-related heart dysfunction, we performed *in vivo* echocardiographic studies in mice of different age with genetic deletion of Calstabin2. We observed that young (12-week-old) Calstabin2 KO mice exhibited markedly larger hearts ([Fig. 1A--C](#f1){ref-type="fig"}) than WT littermates, without significant differences in heart rate. The left ventricular mass (LVM) in KO mice was 22% higher than in control WT mice (from 84.15 ± 2.02 mg to 102.85 ± 6.44 mg, n = 6, p \< 0.05, [Fig. 1B](#f1){ref-type="fig"}), and the left ventricular posterior wall at diastole (LVPWd) was increased from 0.81 ± 0.03 mm to 0.95 ± 0.04 mm (p \< 0.05, [Fig. 1C](#f1){ref-type="fig"}). We also observed that young Calstabin2 KO mice exhibited markedly larger myocyte cross-sectional area and higher heart weight/tibia length (HW/TL) ratios than WT littermates ([Supplementary Fig. 1](#s1){ref-type="supplementary-material"}). Accordingly, we observed a significantly different cardiac function in young mice when detecting left ventricular ejection fraction (EF, WT vs KO: 60.02 ± 1.9% vs 67.08 ± 2.0%; p \< 0.05, [Fig. 1D](#f1){ref-type="fig"}) and fractional shortening (FS, WT vs KO: 31.44 ± 1.3% vs 36.54 ± 1.4%; p \< 0.05, [Fig. 1E](#f1){ref-type="fig"}).

In contrast, the hearts of aged Calstabin2 null mice did not exhibit any further increase in LVM ([Fig. 1B and C](#f1){ref-type="fig"}), myocyte cross-sectional area, and HW/TL ratio ([Supplementary Fig. 1](#s1){ref-type="supplementary-material"}). Strikingly, the value of EF and FS decreased by 36.0% (WT vs KO: 56.1 ± 1.9% vs 35.9 ± 2.0%; p \< 0.01, n = 6, [Fig. 1D](#f1){ref-type="fig"}) and 30.0% (WT vs KO: 31.1 ± 1.4% vs 21.8 ± 1.5%; p \< 0.01, [Fig. 1E](#f1){ref-type="fig"}), respectively, in aged Calstabin2 KO mice, indicating that aged Calstabin2 null mice exhibit an impaired heart function.

Next, we examined the effects of Calstabin2 deletion on myocardial remodeling and we found a normal cardiac structure without clear histological differences between young WT and KO mice ([Fig. 2A](#f2){ref-type="fig"}, upper). In contrast, aged Calstabin2 null mice exhibited large areas of cell death ([Fig. 2A](#f2){ref-type="fig"}, lower). Notably, RyR2 distribution was normal in cardiomyocytes from both young and aged KO and WT littermates ([Supplementary Fig. 2](#s1){ref-type="supplementary-material"}). RT-qPCR assay revealed that the expression of atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and β-myosin heavy chain (MHC) was 82%, 67%, and 32% higher, respectively, in old KO mice compared to age-matched WT littermates ([Fig. 2B](#f2){ref-type="fig"}). Significantly, the mRNA level of α-MHC was increased by 33% and 28% in cardiomyocytes from 6- and 12-week-old KO mice, respectively ([Fig. 2B](#f2){ref-type="fig"}).

Calstabin2 deletion promotes cardiac aging in mice
--------------------------------------------------

The above results suggest that deletion of Calstabin2 leads to age-related alteration of cardiomyocytes. To further examine this particular aspect we conducted a series of experiments related to cardiac aging. As depicted in [Fig. 2C](#f2){ref-type="fig"}, in young animals there was no significant difference between WT and KO (3.25 ± 0.18 vs 3.28 ± 0.24%), whereas aged Calstabin2 null mice exhibited a markedly increased fibrosis (17.62 ± 0.33%) compared to age-matched WT animals (9.29 ± 0.30%, p\<0.05). Since apoptosis is a fundamental feature of aging hearts[@b15], we performed a TUNEL assay on heart sections, and we found that aged KO hearts exhibited significantly higher rates of cell death compared to WT littermates (6.7 ± 1.2% vs 2.3 ± 0.9%, p\<0.01) whereas young KO and WT hearts exhibited comparable low rates of cell death (0.7 ± 0.2% vs. 0.3 ± 0.1%, p\>0.05, [Fig. 2D and E](#f2){ref-type="fig"}).

Telomere length is a marker of aging, and short telomeres are associated with age-related dysfunction, decreased lifespan, and increased mortality[@b16][@b17][@b18]. As shown in [Fig. 2F](#f2){ref-type="fig"}, the telomeres of the hearts from young KO mice were 31% shorter compared to WT littermates; the telomere length in the hearts of aged WT mice was 43% shorter than that of young WT mice. Furthermore, the telomere length of aged Calstabin2 null mice was significantly reduced compared to WT controls. Recently, microRNA (miR)-34a has been demonstrated to be important in the cardiac aging process[@b19], playing a critical role in senescence and apoptosis. In our murine model we found that miR-34a levels were not altered in the hearts of young WT or KO mice ([Fig. 2G](#f2){ref-type="fig"}). However, miR-34a expression was significantly up-regulated in the hearts of aged KO mice ([Fig. 2G](#f2){ref-type="fig"}).

To assess cellular senescence, we evaluated the β-galactosidase (SA β-gal) activity and the expression of cell-cycle inhibitors. The results indicate that the number of SA β-gal-positive cells increased with aging ([Fig. 3A and B](#f3){ref-type="fig"}). However, such increase was significantly much higher in 45- to 60-week-old KO compared to WT hearts. Moreover, consistent with previous findings[@b20], mRNA levels of the cell-cycle inhibitors p16 and p19 but not p21 or p53 were significantly increased in aged KO mice ([Fig. 3C](#f3){ref-type="fig"}). Thus, these data confirm that the deletion of Calstabin2 accelerates cardiac aging.

Calstabin2 deletion causes age-dependent RyR2 channel leak and activation of AKT-mTOR signaling pathway in cardiomyocytes
-------------------------------------------------------------------------------------------------------------------------

Previous studies indicated that intracellular Ca^2+^ leak via RyR2 channel results in several age-related disorders[@b21][@b22][@b23] and the mTOR signaling pathway has been considered among the main drivers for aging[@b14]. Therefore, we sought to examine such a pathway in our animal models.

Young KO ventricular myocytes exhibited SR Ca^2+^ loads similar to those observed in WT cardiomyocytes ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). Resting \[Ca^2+^\]~i~ and calcineurin activity did not significantly differ between cardiomyocytes from young WT and KO mice ([Fig. 4A and B](#f4){ref-type="fig"}). However, in aged KO mice, ventricular myocytes exhibited increased Ca^2+^ spark frequency and decreased SR Ca^2+^ loads ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). The resting \[Ca^2+^\]~i~ of aged KO myocytes increased by 20% \[from 0.992 ± 0.013 (n = 87 from at least 4 mice) to 1.217 ± 0.036 (n = 45 from at least 4 mice), p \< 0.001\], indicating that RyR2 channel leak occurs in the aged cardiomyocytes due to Calstabin2 deletion. Concomitantly, calcineurin activity in aged Calstabin2 null mice was increased by 48% ([Fig. 4B](#f4){ref-type="fig"}) compared with WT controls.

Next, we examined in our model an established key modulator of aging and lifespan: the AKT/mTOR pathway[@b20][@b24][@b25]. We found a three-fold increase in p-AKT levels in young KO hearts ([Fig. 4C](#f4){ref-type="fig"}) indicating that the AKT pathway contributes, at least in part, to cardiac hypertrophy in young Calstabin2 null mice. In aged mice, the level of phosphorylated AKT increased approximately 8.5-fold ([Fig. 4D](#f4){ref-type="fig"}) in the hearts of Calstabin2 null mice. Equally important, mTOR, an important downstream effector of AKT signaling[@b14], was activated ([Fig. 4C and D](#f4){ref-type="fig"}). The mTORC1 signaling activity and one of its target proteins, p70S6K, were markedly increased in both young and aged KO mice ([Fig. 4C and D](#f4){ref-type="fig"}).

Calstabin2 deletion impairs autophagy system followed by cardiac aging
----------------------------------------------------------------------

Given the crucial role of mTOR in regulating autophagy and the essential role of autophagy in aging[@b26], in the next experiments we assessed the expression of common markers of autophagy p62, LC3-I/II and Beclin-1 in Calstabin2-/- and WT hearts ([Fig. 5A and B](#f5){ref-type="fig"}). Young KO hearts exhibited a similar expression level of p62 and Beclin-1, and the LC3-II-to-LC3-I ratio was not altered when compared to age-matched WT ([Fig. 5A](#f5){ref-type="fig"}). In contrast, aged KO mice displayed increased p62 level, significantly lowered LC3-II to LC3-I ratio, and decreased Beclin-1 level ([Fig. 5B](#f5){ref-type="fig"}). Additionally, we observed the accumulation of poly-ubiquitined proteins in aged KO hearts whereas no significant difference was detectable when comparing samples from young mice ([Fig. 5C](#f5){ref-type="fig"}). Taken together, these findings indicate that a reduced or impaired autophagy occur in aged KO cardiomyocytes.

Discussion
==========

Herein, we determined Calstabin2 as a regulator of cardiac aging and identified the activation of the AKT/mTOR pathway followed by compromised autophagy as essential mechanisms involved in such a process. Previous studies indicated that disturbances of \[Ca^2+^\]~i~ due to RyR2 channel leakage result in several age-related disorders[@b21][@b27]. We found that genetic deletion of Calstabin2 accelerated cardiac aging, leading to age-related cardiac dysfunction.

Cardiac muscle expresses two distinct myosin heavy chain (MHC) isoforms designated as α and β. The pattern of cardiac MHC isoform expression is extremely dynamic; namely, α-MHC is normally highly expressed in the adult rodent, while β-MHC predominates in early cardiac developmental stage[@b28]. Here we found that α-MHC gene was up-regulated in young Calstabin2 KO mice and, unexpectedly, the β-MHC gene was significantly increased in aged Calstabin2 KO cardiomyocytes compared with the WT controls suggesting that Calstabin2 is involved in the regulation of the maturation process of the heart.

Cardiac aging includes well-acknowledged features, including impairment of myocardial function, remodeling of cardiomyocyte structure, and increased cardiac fibrosis[@b11][@b29]. In the present study, the cardiac function was declined in aged Calstabin2 KO mice compared with age-matched WT littermates, as revealed by ultrasound analysis. This aspect was further confirmed by the increased levels of ANP and BNP, which have been identified as markers of age-related heart dysfunction[@b1], in aged Calstabin2 KO mice. Our histological studies of the heart indicated that aged Calstabin2 null mice exhibited large areas of cell death and greatly increased myocardial fibrosis, both considered biomarkers of cardiac aging[@b1], respect to age-matched WT, indicating a strong myocardial remodeling in Calstabin2 null mice.

Mounting evidence indicates that DNA damage and telomeres attrition play important roles in cardiac aging and disease[@b18][@b30]. Indeed, fifth-generation telomerase KO mice display severely reduced telomere length and suffer from severe left ventricular failure[@b30]. Conversely, stabilizing telomeres prevents doxorubicin-induced cardiac apoptosis in WT mice but not in telomerase-deficient mice[@b31]. Here we demonstrate that genetic deletion of Calstabin2 caused the length of telomeres to be significantly shortened even in young KO mice compared to WT littermates; the telomere length in the hearts of aged KO mice were further reduced compared to WT controls and the young KO mice. Cellular senescence is a well-characterized model of aging[@b32]. Previous studies clearly demonstrated that cell cycle inhibitors and β-galactosidase (SA β-gal) are senescence-associated biomarkers[@b20]. Here we found that the relative mRNA expression level of P16 and P19, but not P21 and P53, was significantly up-regulated in aged Calstabin2 KO cardiomyocytes. Our evaluation study on the SA β-gal activity also indicates that the number of SA β-gal-positive cells remarkably increases with aging, and such an increase is significantly much higher in 45- to 60-week-old KO compared to WT hearts. Recent studies have identified the miR-34 family (comprising miR-34a, b, and c) as a critical player in senescence. In particular, miR-34a has been shown to be critical in the cardiac aging process[@b19]. In the present study we demonstrate that miR-34a expression was significantly up-regulated in the hearts of aged KO mice, further indicating that deletion of Calstabin2 accelerates cardiac aging process. Further investigations are warranted to identify the molecular mechanism linking Calstabin2 and the expression of miR-34a.

The fact that Calstabin2 stabilizes RyR2 Ca^2+^ release channels and inhibits calcineurin activity[@b33] suggests that cardiac dysfunction might be, at least in part, caused by increased Ca^2^-dependent calcineurin activity resulting from loss of Calstabin2. This notion is entirely supported by our present findings showing that both resting Ca^2+^ concentration and calcineurin activity were significantly elevated in 45-60 week-old mice. To explain this phenomenon, one important factor should be noted. As Calstabin2 can also bind to and inhibit calcineurin[@b34], the effect of Calstabin2 deletion on the activity of calcineurin may be masked by the presence of abundant Calstabin1 in young mice. Of course other mechanisms are involved and further investigations are warranted to explore in detail the regulation of Ca^2+^ handling by Calstabin2.

AKT/mTOR signaling has been demonstrated to be crucial in regulating heart growth and hypertrophy, and more in general, aging and lifespan[@b14][@b35][@b36][@b37]. Consistent with this view, we found that the hearts of Calstabin2-null mice exhibited increased p-AKT level, suggesting that AKT signaling could be involved in the 'pre-maturity' of the heart in young KO mice. The sustained activation of AKT in aged KO mice resulted in cardiac aging and age-associated impaired cardiac function by the activation of mTOR signaling pathway. Specifically, in our model mTOR was activated in both young and aged Calstabin2 KO cardiomyocytes, implying that the sustained activation of mTOR might result in cardiac aging. These findings are in agreement with the previous demonstration that mTOR inhibition can actually extend lifespan[@b38]. The same mTOR is also involved in the regulation of autophagy, a conserved cellular process for bulk degradation and recycling of long-lived proteins and damaged organelles to maintain energy homeostasis. In the heart, autophagy is increased in heart failure and in response to stress conditions, including ischemia/reperfusion and pressure-overload[@b26]. However, whether up-regulation of autophagy under cardiac stress condition is protective or maladaptive is still controversial. Undeniably, under basal condition, constitutive cardiomyocyte autophagy is required for protein quality control and normal cellular structure and function. Reduction of autophagy in the heart has been reported to lead to ventricular dilatation and contractile dysfunction[@b39], whereas enhancement of autophagy has been shown to prevent cardiac aging in mice[@b20]. In aged Calstabin2 KO mice the sustained activation of mTOR signaling resulted in marked inhibition of autophagy, as revealed by the dramatic dysregulation of p62, Beclin-1, and LC3-II/LC3-I. The accumulation of poly-ubiquitined proteins in aged KO hearts further corroborates our model of impaired autophagy. Indeed, the accumulation of abnormal proteins and organelles induced by impaired autophagy in aged hearts has been demonstrated recently[@b40]. Ergo, impaired autophagy is among the mechanisms hastening cardiac aging following the deletion of Calstabin2.

Overall, our data demonstrate the acceleration of the cardiac aging process in Calstabin2-/- mice. Deletion of Calstabin2 leads to cardiac dysfunction and myocardial remodeling in aged mice, and promotes the aging process of the heart, as demonstrated by increased fibrosis, cardiomyocyte apoptosis, shortening of telomere length and augmented cellular senescence. Mechanistically, the absence of Calstabin2 in aged animals is associated with increased calcineurin activity induced by higher intracellular resting Ca^2+^, hyperactivation of the AKT-mTOR signaling pathway and impaired autophagy.

Methods
=======

Detailed Methods are available in the Supplementary material.

Animal studies
--------------

All experiments were performed in accordance with the relevant guidelines and regulation that were approved by the Committee on Animal Care of Institute of Biophysics, Chinese Academy of Sciences, China. Calstabin2 KO (-/-) mice were generated using homologous recombination to disrupt exon 3 of the calstabin2 gene, as previously described[@b9]. We used Calstabin2-/- male mice backcrossed for at least 12 generations with a 129/Sv/Ev genetic background; age-matched male wild-type (WT) littermates were used as control. The investigators were blinded to the genotype, age and treatment of the groups.

Ultrasound analysis of cardiac function
---------------------------------------

Mice were anesthetized with 2% inhaled isoflurane. Echocardiography was performed using a VeVo 770 Imaging System (VisualSonics, Toronto, Ontario, Canada) in M-mode with a 12-MHz microprobe as described[@b41]. Triplicate measurements of cardiac function were obtained from each mouse.

Cardiomyocyte isolation and resting Ca^2+^ measurement
------------------------------------------------------

Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (150 mg/kg) and single ventricular cardiomyocytes were enzymatically isolated from adult mice as described previously[@b42]. Individual cardiomyocytes were incubated with 10 µM Fura-2 AM (Invitrogen) in normal Tyrode solution, containing (in mM): 135 NaCl, 4 KCl, 1.8 CaCl~2~, 1 MgCl~2~, 10 HEPES, 1.2 NaH~2~PO~4~·2H~2~O, 10 glucose, pH 7.36, adjusted with NaOH, for 5 min at 37°C. After loading, the cells were washed several times and transferred to a recording chamber. Photometric measurements were conducted in Tyrode solution using an Olympus system, operated at an emission wavelength of 510 nm, with excitation wavelengths of 340 and 380 nm[@b2][@b43]. The relative resting Ca^2+^ level (estimated by a ratio of 340/380 nm) was recorded and data were analyzed using Olympus Software.

Immunoblotting and calcineurin activity
---------------------------------------

Anesthetized mice were sacrificed immediately and mouse ventricles were harvested and homogenized in RIPA lysis buffer containing a protease inhibitor cocktail (Roche, Basel, Switzerland), proteins were resolved by SDS--PAGE and transferred to PVDF membranes (Millipore, Billerica, MA). See Supplementary material for details. Calcineurin activity was determined as previously described[@b27].

Immunostaining of RyR2
----------------------

Isolated mouse cardiomyocytes were initially allowed to attach to 0.5% poly-l-lysine coated coverslips for 1 h and were then fixed in 4% paraformaldehyde for 20 min. Myocytes were washed three times, 5 min per time, in PBS and permeabilized in PBS containing 0.1% Triton-X 100 for 15 min before incubating in blocking buffer (5% BSA in PBS) for 2 h to block non-specific binding of the antibody. Mouse monoclonal anti-RyR antibody (ThermoFisher Scientific) was diluted in blocking buffer (1:50) and incubated with ventricular myocytes overnight at 4°C. After washing, secondary antibody (Alexa Fluor 488-conjugated goat anti-mouse IgG, 1:1000, Invitrogen) was added to the blocking buffer and incubated with the cells for 1 h, and then washed out. Cells were then mounted on slides and examined using a laser scanning confocal microscope (Leica SP5, 40 × 1.25 NA oil immersion objective). Images were analyzed using FIJI software.

Real-time RT-qPCR
-----------------

Quantitative real-time RT-qPCR was performed using SYBR® Premix Ex Taq™ II (TaKaRa Bio Inc, Ōtsu, Japan.) in a Corbett 6200 PCR machine (Qiagen, Hilden, Germany) following the manufacturer\'s instructions. Briefly, total RNA was extracted from frozen tissues using TRIzol reagent (ThermoFisher Scientific). 2 µg of RNA was then reverse transcribed to first-stand cDNA using random primers and M-MLV reverse tanscriptase (Promega, Madison, WI), as described[@b44]. Primers are reported in Supplementary material.

For the quantification of microRNA-34a, reverse-transcription was performed with the TaqMan® MicroRNA Reverse Transcription Kit using small RNA-specific RT primer. The reactions were incubated at 16°C for 30 min, 42°C for 30 min and 85°C for 5 min, chilled on ice for 5 min, and the cDNA was stored at −20°C. The RT-qPCR was performed with the TaqMan® Small RNA Assay following the manufacturer\'s instructions as follows: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 10 s, 60°C for 60 s. U6 was used as endogenous control to normalize Ct values. microRNA-34a expression was compared by ΔΔCt[@b44].

Measurement of relative heart telomere length
---------------------------------------------

Genomic DNA was extracted from heart using the DNeasy Blood & Tissue Kit (Qiagen). We assessed the relative heart telomere length using quantitative PCR, by measuring for each sample the relative amount of telomere DNA (t) as compared to the amount of single copy gene (36B4) DNA (s) in the same sample (t/s ratio) (Cawthon, 2002). Real-time RT-qPCR was performed using SYBR® Premix Ex Taq™ II (TaKaRa) in a Corbett 6200 PCR machine (Qiagen). The primers sequences used were as follows:

Telomere:

Forward- GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT,

Reverse- TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA

36B4:

Forward-CACACTCCATCATCAATGGGTACAA,

Reverse- CAGTAAGTGGGAAGGTGTACTCA

Thermocycling parameters were 95°C for 10 min activation, followed by 40 cycles of 95°C for 15 sec, and 54°C for 60 sec for PCR amplification of telomeric region; 95°C for 10 min activation, followed by 40 cycles of 95°C for 15 sec, and 58°C for 60 sec.

TUNEL analysis
--------------

Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (150 mg/kg). Hearts were freshly isolated and quickly cannulated through the aorta and were perfused on a Langendoff apparatus to remove the blood. Hearts were then mounted in a plastic bowl containing OCT (ThermoFisher Scientific), and maintained vertically to ensure the sectioning was performed in a transverse manner. The mounted heart tissues were frozen in isopentane pre-chilled at −159°C for 30 to 40 seconds and stored at −80°C. Transverse sectioning of the muscle tissues was performed using a Leica CM3050S cryostat (Wetzlar, Germany). Heart sections (10 µm) were used to perform the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) assay (In-Situ-Cell-Death detection kit, Roche), according to the manufacturer\'s instructions. The number of TUNEL-positive cells and total cells in heart tissue sections were quantified under the Leica SP5 confocal microscope.

SA β-gal activity
-----------------

Fresh frozen tissue sections were analyzed for SA β-gal activity according to the manufacturer\'s protocol (Cell Signaling).

Histology
---------

Hearts were harvested from each group and fixed in 10% phosphate-buffered formaldehyde for 24 hours, dehydrated with ethanol, embedded in paraffin, and sectioned transversely (5 µm), using standard protocols. To measure myocyte cross-sectional area we used Alexa Fluor 488 tagged wheat germ agglutinin staining (Thermo Fisher Scientific, 10.0 μg/mL, with samples incubated in dark for 10 minutes at 37°C)[@b40][@b41]. Images were recorded under the Leica SP5 confocal microscope. Sirius red staining was performed as previously described[@b45] and fibrosis was quantified using FIJI.

Statistical analysis
--------------------

Statistical analysis was performed using SigmaPlot (Systat Software Inc., San Jose, CA, USA). Values given are means ± s.e.m. Data were tested for significance using the Student\'s *t* test. Data from three groups were compared by one-way, repeated measures ANOVA and significant differences between groups were determined by the Student--Newman--Keuls test for paired comparisons, unless otherwise indicated. Only results with values of P \< 0.05 were considered statistically significant.
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![Calstabin2 KO mice exhibit age-dependent heart dysfunction.\
(A), Representative echocardiographic (M-mode) photographs from 12- and 60- week-old mice. (B), Echocardiographic measurement of the left ventricle mass (LV mass) at 12, 24, 36, 48 and 60--week-old Calstabin2 KO and WT littermates. LV mass was 22% higher in 12w KO mice than in WT mice, but the aged KO mice displayed similar LV mass, compared to the WT littermates. (C), Ultrasound assessment of left ventricular posterior wall at diastole (LVPWd) in KO and WT mice. (D), Echocardiographic analyses of the ejection fraction (EF). Notably, EF was greatly elevated at the age of 12 weeks, but decreased at 36, 48 and 60 weeks compared to WT littermates. (E), Echocardiographic evaluation of fractional shortening (FS) in 12, 24, 36, 48 and 60--week-old KO and WT littermates. Data are presented as the means ± s.e.m.; n = 6 to 8 per group; \*p \< 0.05, \*\*p \< 0.01.](srep07425-f1){#f1}

![Aged Calstabin2-null mice display cardiac remodeling.\
(A), Cardiac sections from young and old WT and KO mice were stained with hematoxylin-eosin. Bar = 100 μm. (B), mRNA levels of α-MHC, β-MHC, ANP, and BNP were determined by real-time RT-qPCR. The expression of α-MHC was remarkably increased in cardiomyocytes from 6 week-and 12-week-old KO mice, respectively; whereas, the expression of ANP, BNP, and β-MHC was significantly increased in 45- to 60-week-old KO mice compared to WT controls. (C), Representative Sirius red staining in transverse heart sections from young and aged Calstabin2 KO mice and WT littermate controls. Hearts from 48-week-old KO mice exhibited increased fibrosis. Bar = 25 µm. (12--15 fields of view were counted per each sample) (D), Representative images of terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining of heart sections from 12- and 48-week-old Calstabin2 KO mice and their littermates. As indicated by white arrows, aged Calstabin2 KO hearts exhibited significantly higher numbers of TUNEL-positive cells (arrows); Bar = 10 µm. (E), Quantification of cell death using TUNEL in the hearts of 12- and 48-week-old Calstabin2 KO and WT littermates (12--15 fields of view were counted per each sample) (F), Telomere length measured in young and aged hearts. (G), Quantitative real-time RT-qPCR products for miR-34a in hearts from 12 and 48-week-old Calstabin2 KO and WT littermates. Data are presented as the means ± s.e.m; n = 6 to 8 per group; \*p \< 0.05, \*\*p \< 0.01.](srep07425-f2){#f2}

![Calstabin2-null mice exhibit increased cellular senescence.\
(A), Cardiac sections were analyzed for SA β-gal staining (arrows). The deletion of Calstabin2 leads to significant increase in SA β-gal activity in both young and aged mice. Scale bar = 10 μm. (B), Quantification of SA β-gal positive cells in young and aged mice. (C), mRNA transcript levels of the cell cycle inhibitors p16, p19, p21 and p53, as determined by real-time RT-qPCR. p16 and p19 were significantly increased in aged KO mice. n = at least 5 per group; \*p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001.](srep07425-f3){#f3}

![Depletion of Calstabin2 causes intracellular Ca^2+^ leakage, activation of calcineurin and AKT-mTOR pathway.\
(A), Resting Ca^2+^ determined by the ratio of F340/F380 fluorescence in WT and KO mice at different ages. At 48 weeks, resting \[Ca^2+^\]~i~ was 20% higher in KO cells than in WT controls. Numbers in the bars indicate the number of the analyzed cells isolated from five to six mice. (B), Calcineurin activity was 48% higher in aged KO mice than in the age-matched WT mice and 1.8-fold higher than in young KO mice. Immunoblots for proteins involved in AKT-mTOR signaling pathway in hearts from 12-week-old (C) and 48-week-old (D) mice. The graphs indicate the relative expression levels of p-AKT, p-p70S6K and p-mTOR. n = 5 per group. Quantitative data are shown as means ± SEM. \*P\<0.05, \*\*P\<0.01 vs WT.](srep07425-f4){#f4}

![Deletion of Calstabin2 impairs autophagy in cardiomyocytes of mice.\
Immunoblots for proteins related to autophagy in hearts from 12-week-old (A) and 48-week-old (B) mice. The graphs indicate the relative levels of p62, LC3-II/LC3-I and Beclin-1. Note that p62 level was increased by 1.7-fold whereas the ratio of LC3-II/LC3-I and the level of Beclin-1 were remarkably decreased in 48-week-old KO mice compared to WT controls. (C), Immunoblots showing poly-ubiquitined proteins in hearts. Note that deletion of Calstabin2 causes a marked accumulation of poly-ubiquitined proteins in 48-week-old KO cardiomyocytes compared with 12-week-old WT hearts. n = 4 per group. Data are shown as the means ± s.e.m. \*p \< 0.05 and \*\*p \< 0.01.](srep07425-f5){#f5}
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